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Abstract 

The unquenched quark models predict the new particle X* with spin parity J p = l/2~ and 
its mass is around the well established £*(1385) with J p = 3/2+. Here by using the effective 
Lagrangian approach we study K~p —* A7r^ir + reaction at the range of A* (1520) peak, comparing 
the resulting total cross section, and 7r + 7r~, Att + , Air~ invariant squared mass distributions for 
various incident K~ momenta, as well as the production angular distribution of the A with the 
data from the Lawrence Berkeley Laboratory 25-inch hydrogen bubble chamber, we find that, apart 
from the existing resonance £*(1385) with J p = 3/2+, there is a strong evidence for the existence 
of the new resonance X* with J p = l/2~ around 1380 MeV. Higher statistic data on relevant 
reactions are needed to clarify the situation. 
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I. INTRODUCTION 



The classical constituent quark models are based on the assumption of three constituent 
quarks inside each baryon. They are very successful for the spatial ground state of baryons, 
but have serious problems for the predictions of baryon excitation states. The lowest excita- 
tion of baryons is expected to be the orbital angular momentum L = 1 excitation of a quark, 
resulting to spin-parity 1/2". The JV*(1535), A*(1405) and £*(1620) are the lowest 1/2 - 
baryons from many experiments l). There is a question that why the mass of A* (1405) is 
much less than A/"* (1535). It is very difficult to explain this problem in the classical 3-quark 
models, because the A* (1405) with (n<is)-quarks is obviously expected to be heavier than 
A^*(1535) with (wu<i)-quarks. Another problem is about the d/u asymmetry in the proton 
with the number of d more than u by an amount d — uK, 0.12 [2j. If one wants to solve these 
problems, one should put the qq components in the baryons. The unquenched modelsgive 
the good explanation to these problems. For example, in the penta-quark models 
the mass of A^*(1535) with mainly a [twi][us]s state is heavier than A*(1405) with mainly a 
[«d][sg]g state with qq = (uu + dd) /y/2. The 5-quark models may play an important role in 
the baryon spectroscopy. 

These unquenched models give many new predictions besides the properties of A* (1405) 
and A/"* (1535). In fact, the penta-quark models jj, 4] show a new physical picture for the 
baryonic excitation. The lowest excitation is J p = l/2~ in the qqqqq model, and there 
are two new particles E*(_1360 — 1405) and S*(1520) which are absent in the qqq model. 
The meson cloud model [6J] predicts them to be non-resonant broad structures. These new 
predictions are all very different from the results of the classical quenched quark models, so 
it needs to be checked by experiments. 

Possible existence of such new E*(l/2~) structure in J ftp decays was pointed out earlier 
and is going to be investigated by the starting BES3 experiment 8|, and we also re-examined 
the old data of K~p — ► A7r + 7r~ reaction at Plabtjc-) — 1-0 — 1.8 GeV to find some evidence 
for its existence {sj. In this paper by using the results from the fit of experimental data 
in the Ref. ^j], we show further evidence for the existence of such E*(l/2~) in the K~p — > 
A*(1520) — > S*7r — > An + n^ reaction at Plab(K-) = 0.25 — 0.60 GeV ; with a very clear peak 



of A* (1520) in the energy dependence of the total cross section ly, 111 ]. 



In the next section, we present the formalism and ingredients for the study of the K p 
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An 7r + reaction by including various Feynman diagrams. In the last section, our numerical 
results, comparision with the experimental data, and conclusions are given. 



II. FORMALISM AND INGREDIENTS 

In this section we present the formalism and ingredients for the analysis of 

K-p ^An-n + (1) 

in the energy region around the A* (1520). First, the corresponding Feynman diagrams, s- 
channel A*(1520) exchange diagram (a), u-channel n exchange diagram (b), t-channel K*° 
exchange diagram (c), t-channel K*° and n exchange diagram (d), t-channel K*° and K~ 
exchange diagram (e), and u-channel n and p exchange diagram (f), for the reaction ([T]) are 
depicted in Fig. [TJ 




(e) (f) 
FIG. 1: The Feynman diagrams of the K~p — > A7r~7r + reaction. 



Besides we give the effective Lagrangian densities for describing the interaction vertices 
in Fig. [TJ They can be written as 
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Ca*kn = g^KN^l^Nd^K + h.c, (2) 
^A*s; /2 7r = ^A»E* /aff A*Ey 2 7r + h.c, (3) 
£e* /2 Att = g^^AE^d^ + h.c, (4) 



£a*s* /2 *- = c/a.s* /2 ^A;S* /2 9 m 7t -r + h.c, (5) 
£e* /2 a^ = ^e* A ff AEJ /2 7f-r + /i.c, (6) 



kn = -^—^ ■ rNd^K + h.c, (7) 



m K 



C NNn = 9 -^N lBl ^Nd^ ■ r + h.c, (8) 

£>K*K* = gK'KnK* 1 *^ ■ TdpK - Kd^TT • f) + h.C, (9) 

Uk*n = Mqak'n^ + f -^a llv d v )K^N + h.c, (11) 
^akn = ^A^Nd^K+h.c. (12) 

Here m^, m^v and mA are the kaon, nucleon and A masses; Sg, 2 ^ and A* are Rarita- 
Schwinger fields for S*(1385) and A*(1520) of spin-3/2 particles; E*, 2 , N and A are the 
spin-half fields for the E*(1380), N(938) and A(1115) particles; n and K are scalar fields for 
the pion and kaon; f is a usual isospin-1/2 Pauli matrix operator; the relevant interaction 
coupling constants, obtained by using the above effective Lagrangians to fit relevant decay 
widths or from literature, are all listed in Table [B 

Furthermore, we need also the propagators of resonant particles to calculate Feynman 
diagrams. For the K and K* mesons, the propagators are: 

(*K{q) — -5 2~; (13) 

-g liv + q»q u /m 2 K » 

rn 

For the spin-1/2 and spin-3/2 baryon resonances the propagators can be written as [121 ]: 
~§ (j* + m) / 1 2q„q v 1 A 

G *«> = ^ir^f^ + s 7 ^ + + ^ (7 ^ - 7 ^ } J • (16) 
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R 


r R (GeV) 


Decay mode 


Branching ratios 


5 2 /47r(/ 2 /4vr) 


A* (1520) 


0.0156 


NK 


0.45 


11.88 






Svr 


0.42 


7.38 






So /n7r — > Atttt 
6/ 2 


0.11 [111 


0.56 (a) 






S? /n 7T — > A7T7T 
1/2 


0.11 [11] 


3.57 (b) 


K* 


0.0508 




0.9976 


2.52 


0/ z 


0.0358 


Att 


0.87 


6.68 






K*N 




2.39 [13] 






KN 




0.83 [12] 


A 




K*N 




1.588 (5.175) [14] 






KN 




3.506 [14] 


N 




Ntt 




14.4 [12] 



TABLE I: Parameters used in our ralrulat ion. Widths and branching ratios arc from PDG [l|; the 
mass and width of £*/ 2 are 1.3813 GeV and 0.1186 GeV, respectively js|; for (a) and (b) we use 
(5A*s*7rffE*A7r) 2 /(4vr) 2 , while assuming that all A7r7r come from £*7r in the A* — » A7T7T reaction. 

The role of A* (1520) is very important, thus we take into account that the width r a* (1520) 

of 

the A* (1520) is dependent on its four-momentum squared, and by straightforward calculation 
we obtain the following expression for the Fa*(i52o) 



where 



rA*(l520)(s) = ^A'NK(s) + ^A*En(s) + Fa'At^s) + T , (17) 



r 91*nk \Pk{s)\ 3 (2\/s\pk( s )\ 2 + ra 2 K {^m 2 N + \p K ( s )\ 2 - m p )) 

T A * NK{S) - — ^= , (18) 



r A * s . w = — ^= , (19) 

rA*Avr7r(s) = rA*-^S* /2 7r-^A7r7r(s) X -#3/2 + rA*^£* /2 7T->A7T7r(s) X (1 ~ R3/2), (20) 

T = 0.4Me^ for IV (Vi=1 . 5196GeV) = 15.QMeV (21) 



and where 



IfeMi = f V (1 - imK+ s m " )2 W - l - mK - m " )2 ) , (22) 



b-wl = -yv ( X 1 ) ( 23 ) 



are the magnitudes of the three momenta of the K and 7r mesons; 

rA*^£; /2 7r^A7T7r(s) = j |M A »^ S » /27r ^ A7r7r ( s )i?l(Q^^ Ajr )F S » / J 2 ci0 A »^ A7r7r , (24) 
rA*^S; /2 7r^A7T7r(s) = J |^A*^E* /2 7r- + A7r7r(s)-Bl(Q A » E ,^ 7r )F E * / J 2 C?0A*-»A7r7r, (25) 

are the decay widths for the processes A* — > Sg/ 2 7r — > Ann and A* — > S*, 2 7T — ► A7T7t, re- 
spectively. Here Ma*_>£* 27r - »A7T7t(s) an d MA*^E* /2 7r^A7T7r(s) are the corresponding amplitudes; 
0a*^A7T7t is the phase space of A* decays into Ann; the form factor and Blatt-Weisskopf 
centrifugal barrier factor Bl(Q abc ) are given in Eqs. (|26il and ( J27j) . respectively; the parameter 
R3/2 stands for the proportion of Sg, 2 in the £*. 

Since the baryons and mesons are not point-like particles we need to consider the form 
factors for each interaction vertices in order to calculate amplitudes for the reaction. There- 
fore now we give the form factors for every Feynman diagram. For the FigfjTa), we use the 
following form factors 

Fr( « 2) = A' + (26) 
with A = 0.8GeV ( R = A* or £* ) [12]. Because both the A* and S* are almost on-shell, the 
contribution of these form factors are unimportant. In addition, we also use the following 
P-wave and D-wave Blatt-Weisskopf barrier form factors for the vertices of A*S* , 2 7r, Sg/ 2 A7r 
and A*NK 



B1(0 *' = (27) 



R9 _ / Qtbc + ^QlbcQo + 9Qo / 9S \ 

iQabc) " V^c + 3QL^ + 9Q^' (28) 

with 

QL = {Sa + Sb ~ Sc)2 - s b , (29) 

Q^= (ml+ :i; ml? -ml (30, 

Here Qo — 0.197321/i? is a hadron scale parameter in the unit of GeV/c with R the radius 
of the centrifugal barrier in the unit of fm. In our calculation we set R = 0.2/m. We find 
that these two form factors have negligible effect on our results, thus one may conclude that 
FigfjTa) is almost model independent. 



For the Figs{T](b,c), we use Eq. (p7|) for the £g, 2 A7r vertex, and Eq. (|26l) for the off-shell 
baryon resonance Eg, 2 with cut-off parameter A = 1.0 GeV for K* exchange and n exchange. 

For the Figsfjjd,e,f), we also use the form factor in Eq. (1261) with A = 1.0 GeV for K* 
and K~ exchange diagram, and A = 1.8 GeV for n and p exchange diagram. 

After fixing the relevant effective Lagrangians, coupling constants, propagators and form 
factors, the amplitudes for various Feynman diagrams can be written down straightforwardly 
by following the Feynman rules, and total amplitude is just their simple sum. Here as an 
example, we give explicitly the individual amplitudes corresponding to A* — > £3/^ and to 
A* — > S*y 2 7r for the Feynman diagrams (a) in the FigJTJ 

#A*ifiV#A*£* /2 7rS , E* 2 A7r _ (1) 

= ^ FA * 52 («A*^) M P A S A(^ G 4; 2a /s;; 2 51(Q E . /+2Aw+ ) 

+P"- G $-a, F *;j 2 B1 (Q ^- A ^G^p K - ul ^ K -u PpSp , (31) 

^3/2"^ 3/2 ^3/2 
5'A*A'Arfl' A *S* /2 7rfl , S* /2 A7r _ (I) 



+G E *_ P-k+^-j BI{q ^))G k l ^PK-ul^K-u PpSpl (32) 



2 L p w+/i F E .- Sl( Q ' 

J l/2 i/ 2 A ^1/2" 

where m PaSa and u PpSp are the spin wave functions of the outgoing A and incoming proton, 
respectively; p n +, p w - and p^- are the 4- momenta of the final state pions and initial state 
K~ meson; the factor 1/VQ is a isospin C-G coefficient. So the total amplitude squared for 
the K~p — > A7r~7r + reaction is 

\M K - p ^ A7T+n -\ 2 = \Ma*^ ;/27T \ 2 x R 3/2 + \M A *^i /2 n\ 2 x (! - ^3/2) + 
l-Mn S ; />+ r + l-^^o E;/>+ | 2 + 

x*ox- 1 2 + |-M pn | 2 . (33) 

Note that we do not include the interference terms between different Feynman diagrams 
because their contributions are insignificant. Then the calculation of the cross section for 
K~p — > Att~tt + is straightforward: 

d(TK~ P ^An+ir- = ~ Tj Z ^ ^ I-^X-p^Att+tt- | 2 ^0; (34) 

4 V (Pp ' Pk- ) -m p m K - ~ 

j j. 1 m A d 3 p A d 3 p 7T + (Pp^- A( , , . 

-o [Pk- +P p -Pa- Pn+ - Pic-)- (35) 



(2tt) 5 E a 2E w+ 2E„- 
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III. NUMERICAL RESULTS AND DISCUSSION 



With the formalism and ingredients given in the former section, we compute the total 
cross section versus the K~ beam momentum Flabi^-) f° r the K~p — > Att~tt + reaction for 
P/a6(^-) = 0.25 — 0.60 GeV by using the code FOWL from the CERN program library, 
which is a program for Monte Carlo multi-particle phase space integration weighted by the 
amplitude squared. We consider two cases, firstly, we assume that the J p of the E* is | + with 
-R3/2 = 1-0. On the other hand, we suppose that the E* with J p = | + and with J p = | 
account for 60% and 40%, respectively ( R 3 / 2 = 0.60). Our results on the total cross section 
for the K~p — > Att~7t + reaction is almost the same for both cases, because the branching 
ratio of A*(1520) — > Atttt is 11% for both cases. Total cross section, angular distributions of 
the final state A, and irn, Att + , Att~ invariant mass square distributions, as well as Dalitz 
plots for the final state particles for the two cases of our theoretical calculations, are shown 



17] for the total cross section 



in Figs. 2-7, with experimental data points from the Refs.Jll. 16, 

Comparison with the experimental data in Refs.fll. 
of K~p — > Att~tt + in Figj2] shows that for the energies below 0.355GeV our theoretical 
calculation result does not fit well with experiment. The reason may be the absence of 
the contribution of A* (1405) or other resonance states. For the energies larger than 0.42 
GeV, the contribution of Feynman diagram Fig. 1(b) becomes large, but the contribution is 
uncertain because of the large influence of form factor. Further detailed study is necessary 
for this energy range. For the energies from 0.355 to 0.42 GeV, the theoretical prediction 
agrees very well with the experiment, and the main contribution comes from the decay 
A* (1520) -> E^ti-t. Therefore the decay A* (1520) -> E*^ is the interesting place to 
search for the evidence of E*, 2 . 

The theoretical angular distributions in Figj3] of the A are almost the same for the pure 
E*(1385) with J p = | + and for the 60% E*(1385) plus 40% S* /2 _ ( R 3/2 = 0.60). 

There are quite large differences between the two theoretical invariant mass squared 
distributions which are shown in FigsJU El EJ especially the invariant mass squared spectra 
of Air. One may note that the solid curves with both Eg , 2 and E* , 2 contributions give much 
better agreement with the experiment data. 

To understand the reason for the difference, we show the Dalitz plots for the two reaction 
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0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 




0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 

PlabOO(GeV) 



FIG. 2: Theoretical total cross section vs beam momentum Plab^-^ for the K p — > Air + ir 



111, 



161 ] and 



reaction with R3/2 = 0.60. The circle, square and triangle are data points from 
respectively. The dashed and dotted curves are for the Fig. 1(a) with S*^ 2 and S*^ 2 , respectively; 
the dash-dotted and the dash-dot-dotted curves for the Fig. 1(b) and Fig. 1(d), respectively; curves 
close to zero for Fig.l(c,e,f). The solid curve is the sum of these broken curves. 



sequences 

K~p -> A* -> S^ 2 7T+ -> Att+tt- (36) 
K~p -> A* -> S* V2 7T+ -> Att+tt- (37) 

at Plab^x-) — 0.394GeV^ in FigJTl From FigJT] (a) and (b) we see that, the contribution of 
f l36|) is distributed on the top left corner, but of fl37|) is in the middle. This is because for the 
decay A* — ■> S*^ 2 7r + , the final state particles are in the relative S-wave, while for the decay 
A* — > S^ 2 7r + , they are in the relative P-wave with large E*7 2 width. From these Dalitz 

9 




-1 -0.8-0.6-0.4-0.2 0.2 0.4 0.6 0.8 1 
(a) C0S6 A 




-1 -0.8-0.6-0.4-0.2 0.2 0.4 0.6 0.8 1 

(b) cose. 




-1 -0.8-0.6-0.4-0.2 0.2 0.4 0.6 0.8 1 
(c) COS0 A 




-1 -0.8-0.6-0.4-0.2 0.2 0.4 0.6 0.8 1 

(d) cose. 




-1 -0.8-0.6-0.4-0.2 0.2 0.4 0.6 0.8 1 

(e) cose A 




-1 -0.8-0.6-0.4-0.2 0.2 0.4 0.6 0.8 1 

(0 cose A 




-1 -0.8-0.6-0.4-0.2 0.2 0.4 0.6 0.8 1 

(g) cose. 




-1 -0.8-0.6-0.4-0.2 0.2 0.4 0.6 0.8 1 
(h) COS0 A 




-1 -0.8-0.6-0.4-0.2 0.2 0.4 0.6 0.8 1 

(I) cose A 



FIG. 3: Theoretical angular distribution of the A for various K~ beam momenta compared with 
data [ll|. The dotted line is for the pure £*(1385) with J p = | + ; the solid line includes £*/ 2 in 
addition with -R3/2 = 0.60. 



plots, one can understand why there is so much difference in the invariant mass squared 
spectra of Air. The experimental analysis in Ref. Ill] also considered the contribution of the 
S-wave of Air, which may come from S*, 2 , also the tt + tc~ from the o or p, but the range of 
invariance mass spectrum of tt + tt^ is from 0.28 to 0.4 GeV, which is far from the mass of a 
or p. By the investigation we also find that the S-wave final state interaction (FSI) of tt + tt~ 
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FIG. 4: Theoretical tt + tt invariant mass squared distribution for various K beam momenta 
compared with data [llj. The dotted line is for the pure X*(1385) with J p = § ; the solid line 
includes £? /n in addition with -R3/2 = 0.60. 



J l/2 



has little influence on the An invariant mass squared spectra. Thus we conclude that there 
should be contribution from the E*y 2 for the reaction at energies around the A* (1520) peak. 
For the 7r + 7r~ invariance mass spectra, the inclusion of 40% £^ < 2 gives some enhancement 
to the low energy end and reproduces better the data for Kp center of mass energies around 
the A* (1520) peak. 
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FIG. 5: Theoretical Att + invariant mass squared distribution for various K beam momenta 



compared with data [ll|]. The dotted line is for the pure E*(1385) with J 1 



3 + . 



; the solid line 



includes in addition with R3/2 = 0.60. 



In summary, we study the K~p — > Att~it + reaction at Plab(K-) — 0.25 — 0.60 GeV. In 
our calculations we take into account all possible form factors and final state interactions. 
We find that by including 40% S^, 2 contribution the theory agrees much better with the 
experimental data llj for Plab^-) in the range of 0.355—0.42 GeV, corresponding to the Kp 
center-of-mass energies just under the A* (1520) peak. Through the analysis, the difference 
between the two cases, with or without £T/ 2 , comes from the different partial waves, namely, 
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FIG. 6: Theoretical An invariant mass squared distribution for various K beam momenta 

n + 

compared with data The dotted line is for the pure £*(1385) with J p = § ; the solid line 
includes Ti* x , 2 in addition with -R3/2 = 0.60. 



S-wave of S^ 71 " verus P-wave of S*/ 2 7T from A* (1520) decays, and the different width of the 
two particles. The results of this work strongly suggest that the new particle S* with 
J P = \ exists in the A* (1520) — > X*7r — > Ann decays. Higher statistic data experiments 
are necessary to establish this new resonance and to understand its property. 
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